Accurate species delimitation is of primary importance in biodiversity assessments and in reconstructing 30 patterns and processes in the diversification of life. However, the discovery of cryptic species in virtually all 31 taxonomic groups unveiled major gaps in our knowledge of biodiversity. Mimicry complexes are good 32 candidates to source for cryptic species. Indeed, members of mimicry complexes undergo selective pressures 33 on their habitus, which results in strong resemblance between both distantly and closely related species. In 34 this study, we used a multi-locus genetic approach to investigate the presence of cryptic diversity within a 35 group of mimetic day-flying moths whose systematics has long been controversial, the Euro-Anatolian 36 Syntomis. Results showed incongruence between species boundaries and currently accepted taxonomy of the 37 group. Both mitochondrial and nuclear markers indicate presence of four, well-distinct genetic lineages. The 38 genetic distance and time of divergence between the Balkan and Italian populations of S. marjana are the 39 same as those found between S. phegea and S. ragazzii, the last two being well-distinct, broadly 40 sympatrically occurring species. The divergence between the two lineages of S. marjana dates back to the 41 Early Pleistocene, which coincided with substantial changes in climatic conditions and vegetation cover in 42 Southern Europe that have likely induced geographic and ecological vicariance. Our results show that the 43 species richness of mimicry complexes inhabiting temperate regions might still be severely underestimated. 44 Syntomis populations up to now designated as S. marjana albionica, S. m. quercii and S. marjana kruegeri s. 45 str. are here considered to represent a separate species from nominate marjana and are distinguished as 46 Syntomis quercii Verity, 1914, bona sp., stat. nov. 47
Introduction
speciation is constrained by stabilizing selection on the shared warning signals (but see Lawrence et al., 77 2019) . Interestingly, it was shown that look-alikeness among co-mimics can also be achieved secondarily via 78 introgressive hybridization and incorporation of pattern-determining genes from related species (Giraldo et 79 al., 2008; Pardo-Diaz et al., 2012; Jiggins, 2017) . The imbalance between species divergence and phenotypic 80 divergence is a prerequisite for the evolution of cryptic species (Struck et al., 2018) . Thus, species involved 81 in mimicry complexes provide a good testing ground to study the contrasting effects of divergence and stasis 82 in the evolution of cryptic species. However, the systematics of these species often results still inaccurate or 83 partial, especially if exclusively based on external morphology. As a matter of fact, the presence of cryptic 84 species within mimicry complexes has been reported almost exclusively for some well-studied tropical taxa, 85 which provided excellent insights on how mimicry can affect patterns of diversification and speciation 86 (Pfennig, 2012, and references therein; Jiggins, 2017) . Yet mimicry complexes are not limited to the tropical 87
regions. 88
In this study, we investigated the presence of cryptic species within a group of mimetic moths occurring 89 in temperate regions whose systematics has long been controversial, the Euro-Anatolian Syntomis. These are 90 distasteful, day-flying moths showing aposematic colorations which belong to a Müllerian mimicry complex 91 including also several unrelated co-mimics, e.g. yellow morph of Zygaena ephialtes, Z. transalpina 92 (Zygaenidae) and possibly Callimorpha dominula (Erebidae) (Bullini et al., 1969; Sbordoni et al., 1979; 93 Zilli, 1996) . Being mainly based on features of the habitus and genital morphology (Obraztsov, 1966) , the 94 taxonomy of Syntomis moths appears to be outdated and confused, evidently flawed by incorrect delimitation 95 computed by BIOSYS-2. Clustering of populations was assessed via Principal Coordinate Analysis (PCoA) 162 of Nei's distances among populations, as implemented in GENALEX. PCoA-defined clusters were then 163 compared with candidate taxa and a matrix of fixed differences (i.e. fully diagnostic loci) among them was 164 generated. 165
Sequence data analysis, species delimitation and phylogenetic reconstruction 166
Electropherograms of sequence data were visually checked using FinchTV 1.4.0 (Geospiza Inc.), and 167 sequences were aligned using Clustal X 2.0 (Larkin et al., 2007) . Nucleotide variation was assessed using 168 MEGA 6.0 (Tamura et al., 2013) ; haplotype and nucleotide diversity were estimated using DnaSP 5.10 169 (Librado & Rozas, 2009 ). 170
We applied three different species delimitation methods which are traditionally employed to delimit 171 groups of sequences that potentially correspond to distinct species: (i) Automatic Barcode Gap Discovery 172 (ABGD; Puillandre et al., 2012a) , that detects gaps in the distribution of pairwise genetic distances, 173 assuming that it corresponds to a threshold between intra-and inter-specific distances; (ii) General Mixed 174
Yule Coalescent model (GMYC; Pons et al., 2006) , which starts from an ultrametric tree and tests whether 175 the branching rates fit better with a coalescent model or a speciation model, using the transition point 176 between speciation and coalescence to delimit species; and (iii) Bayesian implementation of the Poisson Tree 177 Processes (bPTP; Zhang et al., 2013) , which also compares speciation and coalescent models but relies on 178 the substitution rates calculated for each node instead of the branching rates. These three methods were 179 chosen because they proved to be effective in recognizing cryptic species either in large and small groups of 180 sequences and are among the most widely used with mtDNA data, also in single gene analyses (Fujita et al., 181 2012; Puillandre et al., 2012a Puillandre et al., , 2012b Zhang et al., 2013; Schwarzfeld & Sperling, 2015) . 182
ABGD
analysis was performed on the ABGD webserver platform 183 (http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html), using the default parameters (gap width X = 1.5, 184 prior intraspecific divergences from P = 0.001 to P = 0.1, with 20 steps) and the Kimura-2-parameter (K80) 185 model to compute a pairwise genetic distance matrix. The phylogenetic tree used as input for the GMYC and 186 bPTP analyses was generated using the Bayesian method implemented in BEAST 1.8.1 (Bayesian model as tree prior, a strict clock model, and the best-fit model of molecular evolution estimated by Jmodeltest 2.1.3 (Darriba et al., 2012) under the Bayesian Information Criterion, i.e. the TIM2 transitional 190 model with a proportion of invariant sites (+I); the Markov chain Monte Carlo (MCMC) length was 10 191 million generations, sampling trees every 1000 generations. The independence of the effective sample size 192
(ESS values »200) for the estimated parameters was evaluated using Tracer 1.6, after removing the first 10% 193 of samples as burn-in. The consensus tree was then generated by TreeAnnotator 1.8.1 (BEAST package), 194 using the maximum clade credibility criterion, after removing the first 1000 sampled trees as burn-in. We 195 included in the analysis also the sequences of S. nigricornis and S. aequipuncta. The GMYC analysis was 196 then ran using the splits R package (Ezard et al., 2015) , applying both the single threshold and the multiple 197 threshold methods. bPTP analysis was conducted on the webserver platform (https://species.h-its.org/ptp/), 198 with a 100000 MCMC length and a 10% burn-in. 199
The phylogenetic relationships among the candidate species was inferred using maximum likelihood 200 (ML) and Bayesian methods. The ML-tree was generated using the algorithm implemented in IQTREE 201 (Nguyen et al., 2014) applying the TIM2+I model of substitution; the robustness of the inferred tree topology 202 was assessed using the non-parametric bootstrap method with 1000 pseudo-replicates and the SH-like 203 approximate likelihood ratio test (SH-aLRT), also with 1000 bootstrap replicates. The Bayesian phylogenetic 204 analysis was performed using the time-calibrated procedure implemented in BEAST 1.8.1 (Drummond and 205 Rambaut, 2007) , in order to get a comparative framework of the times of divergence among the candidate 206 species and to get an approximate historical contextualization of the speciation events. In absence of internal 207 calibration points derived from fossil data or geologic events directly linked to the evolutionary history of 208 Syntomis, to time-calibrate the tree we used an uncorrelated relaxed clock model and a fixed substitution rate 209 of 0.0015 per site per million of years, i.e. the mean COI substitution rate estimated for arthropods by 210 Brower et al. (1994) . Despite the use of non-fossil-based calibrations is usually discouraged (Schenk, 2016) , 211 this option is often the only available for most of soft-bodied invertebrates, and continues to be extensively 212 used in dating divergences in insects, including Lepidoptera (e.g. Hinojosa et al., 2018) . We chose the 213 substitution rate by Brower (1994) among the several available ones (Papadopoulou et al., 2010) since it falls 214 in the middle of the ranges estimated for this gene fragment in insects, and it is so far the most used, TIM2+I as substitution model. Two independent runs were performed, each with a Markov chain Monte Carlo (MCMC) length of 10 million generations, with sampling every 1000 generations. The independence 218 of the estimated parameters (ESS values >200) and the convergence between runs were evaluated using 219 Tracer 1.6, after removing the first 10% of samples as burn-in. The two runs were combined using 220 LogCombiner 1.8.1 (BEAST package), and an annotated maximum clade credibility tree was computed with 221 TreeAnnotator 1.8.1. 222
223
Results 224
Allozyme data analysis 225
Among the 22 loci analysed, four Gapdh) resulted monomorphic in all studied 226 populations. The allele frequencies at the 18 polymorphic loci are given in the Supplementary Table 1 The pairwise matrix of population genetic distances D (Nei, 1978) is given in Supplementary observed within these groups are 0.002, 0.013, 0.013 and 0.017, respectively, which are values commonly 241 observed at the intraspecific level . The mean genetic distances among these 242 groups range from 0.338 (S. phegea vs. S. m. marjana) to 0.629 (S. ragazzii vs. S. m. kruegeri + S. m. quercii 243 Roccamandolfi); these values agree with those commonly observed among subspecies (Bullini & Sbordoni, 250 1980) . A summarized matrix of the mean genetic distances observed within and between these groups is 251
The ordination-based clustering analysis resulting from PCoA also defined four main clusters of 253 populations (Fig. 2) . The first and second PCoA axes explained 40.48% and 34.10% of total variance, 254
respectively. Populations of S. m. kruegeri + S. m. quercii + S. m. albionica were grouped together in a 255 distinct and well-defined cluster with respect to populations of S. m. marjana, which were also combined 256 into a single cluster; the other two clusters coincided with populations of S. phegea and S. ragazzii. 257
The four clusters were also defined by some fully diagnostic loci, resumed in Tab. 3. We found four 258 
Sequence data 263
We successfully amplified and sequenced a 781 bp fragment from the final section of the mitochondrial 264 COI gene from 38 Syntomis individuals. No indels, stop codons or non-sense codons were observed. We 265 found 16 different haplotypes defined by 81 (10.3%) variable positions, of which 68 (8.7%) were parsimony 266 informative. The mean haplotype diversity (h) and nucleotide diversity (π) values for this dataset were 0.950 267 (±0.021 SD) and 0.032 (±0.008 SD), respectively. A full list of the haplotype founds within each studied 268 population, with the respective GenBank accession numbers, is presented in Tab. 1. 269
The results from the species delimitation analyses using ABGD, GMYC and bPTP are resumed in Tab The ML-tree retrieved by IQTREE (log-likelihood score: -1608.30, s.e. 61.93) recognized six main 287 branches, which were consistent with results obtained from the species delimitation methods (Fig. 3A) . The 288 sequences of the taxa kruegeri, quercii and albionica clustered together (high support = 96.4/98%), and 289 resulted the sister clade (high support = 87.4/88%) of S. m. marjana clade (high support = 98/100%). The 290 sequences of S. ragazzii form a unique supported cluster (high support = 96.5/79%), which resulted more 291 related to S. nigricornis (moderate support = 80/66%) than S. phegea, whereas S. phegea resulted more 292 related to S. aequipuncta albeit with weak support (77/54%). 293
The time-calibrated phylogenetic analysis conducted in BEAST returned two congruent runs that fully 294 converged to a stationary distribution with satisfactory ESS values (>>200) for all the parameters of interest. 295
A chronogram based on the maximum clade credibility (MCC) tree is presented in Fig. 3B . The tree 296 topology was consistent with both the ML-tree and the species delimitation analyses, as it showed six main 297 branches coinciding with S. phegea, S. aequipuncta, S. nigricornis, S. ragazzii, S. m. kruegeri + S. m. quercii 298 + S. m. albionica and S. m. marjana. The time to the most recent common ancestor (MRCA) for all the 299 analysed taxa was estimated at 2.87 million years ago (mya) (95% HPD:1.87 -4.12); that between S. m. the same as that between S. phegea and S. aequipuncta (mean: 1.92 mya, 95% HPD:0.93 -3.05), and higher 302 than that estimated for S. ragazzii and S. nigricornis (mean: 1.29, 95% HPD: 0.66 -2.07). The estimated 303 TMRCA for the clades coinciding with S. m. marjana, S. m. kruegeri + S. m. quercii + S. m. albionica and S. 304 ragazzii were 0.61 mya (95% HPD: 0.26 -1.1), 0.37 mya (95% HPD: 0.10 -0.76) and 0.36 mya (95% HPD: 305 0.08 -0.67), respectively. 306 307 Discussion 308
Both mitochondrial and nuclear markers consistently supported the existence of two distinct, highly 309 differentiated, genetic clusters within S. marjana, distributed West and East of the Adriatic Sea. The extent 310 of the genetic differentiation between these two clusters and the estimated time of their divergence are of the 311 same magnitude of those occurring among other well-recognized species of this complex. Furthermore, all 312 species delimitation methods clearly point to these two genetic clusters as distinct species. These results are 313 consistent with preliminary evidence showing substantial genetic divergence between the taxa kruegeri and 314 marjana s. str. (Cianchi et al., 1980 , Bullini et al., 1981 , and suggest to consider the populations of the 315 lineage kruegeri + quercii + albionica as a distinct species, under the oldest available name taking priority, 316 that is S. quercii Verity, 1914 (see below) . Our data also highlight further genetic sub-structuring at 317 intraspecific level, suggesting a role for recent Pleistocene events in triggering population-level genetic 318 differentiation. 319
The taxa kruegeri, marjana and quercii were originally described as aberrations or subspecies of other 320 species, the first two of S. phegea (Ragusa, 1904; Stauder, 1913) , the last one of S. mestralii, a species from 321 the Middle East. Subsequently, kruegeri and marjana were both considered to be valid species by Turati 322 (1917) , who however ranked quercii as a subspecies of marjana. However, the strong similarity of these 323 species in habitus, habitat preferences (dry grasslands) and phenology, together with the difficulties in 324 identifying fully reliable diagnostic characters, led most authors to combine them into a unique polytypic 325 species (Obraztsov, 1966; Bertaccini et al., 1997; Igniatev & Zolotuhin, 2005; Freina, 2008; Fibiger et al., to a speciation event occurred at some point in the Early Pleistocene or before. Our estimate of the divergence time between these two lineages is probably biased by the use of a non-fossil-based calibration of 330 the molecular clock (Papadopoulou et al., 2010; Schenk, 2016) , but it provides an approximate timing of 331 their split. Indeed, the strong changes in bioclimatic conditions that characterized the Plio-Pleistocene 332 transition prompted speciation in several temperate species inhabiting the Mediterranean peninsulas (Hewitt, 333 1996 (Hewitt, 333 , 2011 , including Lepidoptera (Schmitt, 2007) , and likely affected also the evolutionary history of the 334 European Syntomis. These changes consisted of a generalized increase of aridity and a reduction of the forest 335 habitats in Southern Europe (Hewitt, 2011) , followed by the beginning of glacial cycles, that resulted in 336 alternate expansion and retreat of xeric and forest habitats (Faquette et al., 1999; Suc & Popescu, 2005; 337 Abrantes et al., 2010) . Most European Syntomis are thermophilous (with the partial exception of S. phegea), 338 occur in dry habitats, and are distributed in South-Eastern Europe with a number of relatives in steppe areas 339 from the Middle-East to Central Asia, that likely represents the centre of origin of this group ("phegea-340
Gruppe" of Obraztsov, 1966) . The common ancestor of S. marjana and S. quercii might have benefited from 341 the increase of aridity in Western Europe at the end of Pliocene (Malatesta, 1985; Faquette et al., 1999) by 342 spreading over South-Eastern Europe. Then, with the advent of the first glacial cycle at the beginning of 343 Pleistocene, the cooler conditions and the spreading of broad-leaved forests in the Italian and Balkan 344
Peninsulas (Abrantes et al., 2010) could have trapped the ancestor in the south of both peninsulas, where 345 populations would have found relatively hot and dry refugia. This vicariance process has been claimed as the 346 most likely explanation for the existence of several sibling species pairs with allo-parapatric distribution in 347 the Italian and Balkan peninsulas (Racheli & Zilli, 1985) . The Isonzo river in NE Italy and Slovenia, which 348 virtually separates the distribution of these species, has been considered as a suture zone and biogeographical 349 boundary for several vertebrate and invertebrate species (Taberlet et al., 1998; Hewitt, 1999) . However, in 350 our case is hard to define a boundary between these two species because most of the historically known 351 populations just west of that river have not been found anymore over the last 50 years and could not be 352 genotyped. Further genetic assays on museum specimens are therefore required. 353
Pleistocene climatic changes do also support the origin of genetic sub-structuring of conspecific 354 populations. Despite our data do not allow fine-scale phylogeographic inferences, they clearly reveal genetic climate fluctuations and the physiographic heterogeneity of the Italian and Balkan peninsulas. We found genetic differentiation between the Sicilian and the Apennine populations of S. quercii, between the Central 358 and southernmost Apennine populations of S. ragazzii, and between the northern and the southern 359 populations of S. marjana s. str. (Fig. 3 and Supplementary Tab. 2) . Substantial intraspecific differentiation 360 between Sicilian and mainland populations and between the southernmost and Central Apennine populations 361 is commonly observed in phylogeographic studies of numerous Italian species (Canestrelli et al., 2008,; 362 2010; Chiocchio et al., 2019; Scalercio et al., 2019) . These patterns are ascribable to the presence of several 363 geographic discontinuities that acted as ecological and physiographic barriers at some point in the past, after 364 a "refugia-within-refugia" scenario (Gomez & Lunt, 2007) . During Pleistocene, the southernmost section of 365 the Italian Peninsula and Sicily have been affected by several glacio-eustatic oscillations of the sea level that 366 deeply influenced the genetic structure of populations (Bonfiglio et al., 2002) . This scenario also fits well 367 with the genetic structure observed in S. ragazzii and S. quercii. In contrast, no apparent paleogeographic 368 evidence supports the genetic differentiation observed within S. marjana in a relatively restricted area along 369 the NE Adriatic with no evident orographic discontinuity. However, this area is interested by geological 370 discontinuities (Cvetkovic et al., 2015) that affect ground water availability and, as a consequence, 371 vegetation and bioclimatic conditions (DMEER, 2017) . These bioclimatic discontinuities likely represented 372 ecological barriers for S. marjana populations which may have limited their gene flow, at least during the 373 last part of the Pleistocene. 374
In the phylogenetic relationships outlined by mitochondrial DNA, noteworthy is the recovery of S. 375 ragazzii as more closely related to the Anatolian-Caucasian S. nigricornis than S. phegea, despite S. ragazzii to fully resolve the evolutionary history of the Western Palearctic Syntomis (see also Przybyłowicz et al., 386 2019) . 387
Our results highlight that in Euro-Anatolian Syntomis the degree of genetic divergence is not related with 388 that of phenotypic divergence, as expected for species involved into mimicry complexes. These moths 389 happen thus to be at the crossroad between independent evolutionary divergence and constraints limiting 390 their phenotypic diversification (Leimar et al., 2012) . Indeed, species belonging to the same Müllerian 391 mimicry ring share the costs of predation but they have to be perceived very similar by predators. As a 392 consequence, the external appearance of these species is expected to be under strong ecological selection to 393 maintain a common signal. Accordingly, different set of characters (e.g. morphological, genetic, 394 physiological, behavioural, etc.) will reveal their interplay with the various evolutionary forces, that is in turn 395 affected by the allopatric/sympatric occurrence of populations of these moths with those of other co-mimics. 396
Many Syntomis species are sympatric and coexist in the same or in really close biotopes, at least to the scale 397 of bird predators' home ranges. Syntomis quercii and S. marjana have allo-parapatric distribution, but they 398 both overlap with S. phegea (except in Sicily, where the latter is absent, all records hitherto being 399 misidentifications), which is extremely abundant and has already shown to be a Batesian model also for 400 some distantly related co-mimics, like the yellow ephialtoid form of Zygaena ephialtes (Sbordoni et al., 401 1979) . In this context, departure of pattern from a successful aposematic signal would be strongly counter-402 selected during and after speciation. Strong ecological constraints would then be responsible for 403 morphological stasis, in the face of substantial genetic divergence, thus eventually leading to the evolution of 404 so-called cryptic diversity (Bickford et al., 2007; Struck et al., 2018) . Interestingly, such stasis extends also 405 to structural features of the genitalia, all fairly homogeneous across the group, which cannot evidently be 406 modelled by predation or other external agents. This circumstance, which sharply contrasts with the striking 407 genital diversification seen in other groups of externally almost indistinguishable moth species (e.g. the 408 sympatric species pairs Grammodes geometrica-G. occulta, tirrenica and Cilix glaucata-C. hispanica, to name just a few), suggests that genitalia in Syntomis maintain 410 stable configurations due of phylogenetic inertia even after speciation, as they do not play any species 411 isolation role.
As a matter of fact, mechanical compatibility of genitalia between different Syntomis species has been 413 proved by the detection of occasional hybrids S. phegea x S. ragazzii (Sbordoni et al., 1982) and 414 heterospecific fertile matings S. phegea x S. marjana reared from the wild (Rupinpiccolo, NE Italy, A. Zilli, 415 unpublished) . Mate recognition and species integrity in Syntomis has therefore to rely on other systems than 416 mechanical compatibility but, as seen above, visual stimuli are unfit candidates for that as any departure 417 from the shared pattern would weaken efficacy of their common aposematic signalling. Bickford et al. 418 (2007) recognise that cryptic diversity is particularly common in taxa not using visual mating signals. Sheer 419 evidence that Syntomis species are unlikely to use visual mate recognition systems is again based on field 420 observations of (pseudo)copulae with completely unrelated and differently patterned moths of a different 421 family, members of the genus Zygaena which are part of an alternative mimicry ring based on red and black 422 colours. Such mismatings are not uncommon during peaks of abundance of these moths, when they cluster 423 together on flower heads and get evidently confused by congestion of pheromonal plumes all around and 424 tactile abdominal stimuli which lead them to clasp almost anything within their reach (Lees & Zilli, in press) . Breeding experiments run by us (unpublished) are fully compatible with chemically mediated interactions 426 between sexes in Syntomis moths, with females typically resting in a calling posture and attracting males 427 from distance. Furthermore, Bendib & Minet (1998) 
Taxonomic remarks and Conclusions 433
Our research confirms that in one of the taxonomically most controversial groups of European moths, the 434 Euro-Anatolian Syntomis, additional cryptic species are involved. This is the case of a group of populations 435 living in the Italian peninsula, Sicily and Provence that have been noted by different authors as quercii, 436 kruegeri and albionica, respectively, and will have to be overall combined under the last name, i.e. Syntomis 437 quercii Verity, 1914 (bona sp., stat. nov.) . In fact, when first named by Ragusa (1904) , the oldest name 438 kruegeri was infrasubspecific and before that it was made available for nomenclature by Turati (1917) , Further genetic sub-structuring has been detected in S. quercii, S. ragazzii and S. marjana s.s. Even if it is 441 a common mistake to assign to populations genetically differentiated from nominotypical ones a subspecific 442 rank, as the subspecies concept was not intended to be also evolutionary (see Zilli, 1996 , and references 443 therein), it is worth noting that at least as to S. ragazzii, its diversification in the southernmost part of its 444 range (Calabrian Apennine) had already been noted with the description of two traditional subspecies 445 (silaensis Obraztsov, 1966 and asperomontana [Stauder & Turati], 1917) . Partially distinct genetic make-ups 446 also characterise the Sicilian populations of S. quercii, traditionally recognized as ssp. kruegeri. 447
Research on the Euro-Anatolian taxa of Syntomis highlights how the Palaearctic species of this group 448 provide an interesting example to study trade-offs between morphological stasis and genetic divergence in 449 complexes involved into mimicry relationships of Müllerian type. New studies will have to be focused on 450
understanding the genomic basis of speciation and origin of cryptic diversity within this group of moths. 34  33  31  29  27  25  23  21  16  14  12  10  8  6  4  2  32  30  28  26  24  22  17  15 
